A high-sensitivity temperature sensor was fabricated based on a tellurite microstructure optical fiber (MOF) sandwiched between two standard silica single mode fibers to form a single mode-multimodesingle mode fiber structure. Glycerol with high thermo-optical coefficient was filled into the air holes of the tellurite MOF as its thermal medium. The temperature change can be obtained by the movement of the output spectrum based on multimode interference effect, and the experimental sensitivity reaches as high as 273 pm/ • C at the working wavelength around 1.95 µm. By conducting comparative experiments, the sensor in this work is proved to be a highly sensitive, compact, robust sensor operating at the near-and mid-infrared wavelength range.
I. INTRODUCTION
Microstructure optical fibers (MOFs) are optical fibers with air-holes in the cladding and extending along the axial direction [1] - [4] . Compared with traditional optical fibers, their large index contrast and the variety of air hole arrangement greatly widen the applicable range. The recent researches on MOFs focus on soft glasses like fluoride, tellurite and chalcogenide [5] - [7] , and the fabricated optical fibers are called soft glass MOFs. Due to higher refractive index, higher nonlinearity and wider transmission ranges, the soft glass MOFs are greatly advantageous for soliton self-frequency shift [8] , [9] , supercontinuum generation [11] - [13] , and they have been widely used in sensing field for gas molecular, biological molecular concentration, temperature and so on. In 2015, Dai et al. [15] presented a prototype mid-infrared sensor system using the chalcogenide optical fiber for the determination of combustion pollutants. In 2016, Chahal et al. [16] used the tapered chalcogenide optical fiber to detect chloroform concentration. In 2016, Musolino et al. [17] reported an optical fiber for measurements of vivo brain temperature.
The associate editor coordinating the review of this manuscript and approving it for publication was Zinan Wang . Optical fiber sensors based on interference principle has been widely utilized in many fields, such as displacement sensing, strain sensing, temperature sensing and refract metric sensing, etc. [19] - [23] . Among them, the optical fiber sensors targeted to temperature sensing usually fill their MOF air holes to realize different thermal expansion coefficient with temperature-sensitive materials such as metal [10] , [24] , [25] , organic polymer [28] , [29] , liquid crystal [26] , alcohol [30] - [32] and so on. However, these temperature sensors are susceptible to shortcomings such as difficult in operation, poor mechanical strength, easy to damage and so on. And those temperature sensors based on traditional optical fiber have their sensitivity greatly reduced due to the limit of the fiber material's RI and the sensors' working wavelength. Tellurite MOF (TMOF), as a kind of soft glass MOFs, recently has attracted researchers' attention. It has the excellent optical property of high refractive index (RI), high thermal expansion coefficient (TEC) and high thermo-optical coefficient (TOC), which renders it a better candidate for temperature sensor. Additionally, its transmitting wavelength is up to 6.5 µm [35] , which means TMOF-based sensors can work at the near-or mid-infrared wavelength range.
In this paper, a four-hole multimode TMOF sandwiched between two single-mode fibers (SMFs) was used to realize temperature sensing based on multimode interference (MMI) effect [37] , an effect of interference principle. By contrastive experiments with the variation of temperature-sensitive materials, it was found that when filled with glycerol, the sensor sensitivity could reach as high as 273 pm/ • C around the working wavelength 1950 nm. The proposed temperature sensor offers the potential for a low-cost, simple and mechanically strong sensing device to measure temperature around the near-and min-infrared wavelength ranges.
II. OPERATING PRINCIPLE
In the sensor, the TMOF with a core diameter of 4.2 µm is sandwiched between two SMFs with 9 µm core diameter. Due to the high numerical aperture of TMOF (tellurite-air or tellurite-glycerol interfaces) and the 4.2 µm core are not small enough to support a single mode regime guide, the TMOF used in our design sensor is a multimode fiber. Figure 1 is the schematic diagram of MMI occurring in the designed sensor theoretically. The light will firstly split in SMF 1 , where only the fundamental mode transmits. After that, light couples into TMOF, and a number of guided higher-order modes will be excited, such as LP01, LP11, LP21, and so on. Due to a slightly different group velocity of each mode, phase difference is generated between each mode. The decomposed modes will further recouple into the fundamental mode, which is the key to generate MMI in the sensor. The SMF 2 ensure that only the fundamental mode of TMOF gets propagated until the externally induced mode coupling comes into effect, and an interference pattern can be received at its lead-out end. Among the multiple modes that transmit simultaneously in the TMOF, LP01 mode enjoys most of the energy while other higher-order modes much less energy. Moreover, the transmission distance of higher-order modes are shorter. Apart from this, the difference of incident angle, incident position, the length and so on will lead to the generation of different higher-order modes. Therefore, in the following theoretical analysis only the interferences between the LP01 mode, LP11 mode and LP21 mode are considered.
The TMOF used in this design is a multimode fiber of TeO 2 -ZnO-Na 2 O-La 2 O 3 whose core diameter is 4.2 µm. The TOC and TEC of TMOF are about −16.4×10 −6 / • C and 1.86×10 −5 / • C, respectively. The core diameter and cladding diameter of SMFs are 9 µm and 125 µm and the length of SMFs is arbitrary. The TOC and TEC of SMFs are 11.9×10 −6 / • C and 0.55×10 −6 / • C. At the wavelength of 1.55µm, the RIs of the core and cladding of the input/output SMF are 1.4682 and 1.4628, and the RI of TMOF is 2.005. Assuming negligible dispersion over a narrow wavelength bandwidth, the power after propagating in the SMF-TMOF-SMF structure can be described as [39] , [40] :
where I i and I j are the power of i th mode and j th mode, n eff i and n eff j are the effective RI of i th mode and j th mode, L TMOF is the TMOF length and λ is the wavelength, n is the number of different modes.
Assuming that the light intensity of all modes is 1, the power of each mode is added proportionally based on the simulation results. From (1), the output interference spectrum of the designed sensor at 25 • C is obtained as shown in Fig. 2 , in which there are obvious peaks and troughs. It is clear that the interference spectrum is periodic. The phase term at this spatial frequency can be obtained by the following equation [41] :
If the temperature changes, the effective RI of modes will also change, thus the phase term can be modified into [42] :
The wavelength spectrum can be obtained by applying a fast Fourier transform. In the wavelength domain, the phase change will cause a wavelength shift from the reference wavelength λ 0 , as the following:
From (1)-(4), it can be seen that the wavelength shift can be monitored to track the temperature change.
If a kind of temperature-sensitive material is filled into the air holes, temperature will cause more significant changes in the effective RI of each mode, the output interference spectrum will move more obviously. Theoretically, the greater RI of temperature-sensitive material, the greater n eff with certain RI change, and consequently the more obvious the wavelength shift ( λ), and the higher the sensitivity of the temperature sensor.
Alcohol and glycerol [1] , [27] are two kinds of commonly used temperature-sensitive materials. It can be found that both RI of these two materials decrease with the increase of temperature, and the RI is: glycerol > silica > alcohol, by measuring their RI variation with the increase of temperature using Abbe refractometer. As a result, silica MOFs based on total internal reflection (TIR) filled with glycerol are not suitable for temperature sensing for the light guidance mechanism will shift from TIR to band gap and the transmission spectrum will change. On the other hand, those hollow-core silica MOFs based on photonic band gap using glycerol as the temperature-sensitive material will only obtain a worse transmission effect due to the strong light absorption of glycerol. However, the RI of TMOF is much higher than that of glycerol, so glycerol or materials with even higher RI can be used as temperature-sensitive material. Glycerol is less volatile than alcohol, which will increase the stability and longevity of the temperature sensor. Additionally, TMOF has a TOC and TEC much higher than that of the traditional silica fiber, and its working wavelength can reach 6.5 µm, which also contribute to a much higher sensitivity.
We theoretically analyze the sensing property of the glycerol-filled TMOF, the alcohol-filled TMOF and the alcohol-filled traditional silica MOF of the same structure, and obtained their interference spectra at the working wavelength 1.55 µm and 2 µm within the temperature range of 17 ∼ 27 • C. The wavelength shift with temperature is respectively shown in Fig. 3 . It is clear that the sensitivity of glycerol-filled TMOF at 2.0 µm is the highest, which is consistent with our previous analysis. So, the glycerol-filled TMOF structure is chosen for our sensor design. 
III. EXPERIMENTAL SETUP AND RESULTS
The TMOF used in the experiments is a multimode fiber of TeO 2 -ZnO-Na 2 O-La 2 O 3 whose core diameter is 4.2 µm. The TOC and TEC of TMOF is about −16.4×10 −6 / • C and 18.6×10 −5 / • C, respectively. At the wavelength of 1.55 µm, the RIs of the core and cladding of the input/output SMF are 1.4682 and 1.4628, and the RI of TMOF is 2.005. The vacuum-pressure process is utilized to fill glycerol into the air holes of TMOF. Figure 4(a) shows the cross section of TMOF. Figure 4(b) shows the micrographs of TMOF and the glycerol-filled TMOF, and we can find that the latter is significantly brighter than the former. Figure 5 shows the schematic diagrams of the experimental system. Both ends of the glycerol-filled TMOF is cut flat with a fiber cutter and a length of 5 cm is used in the experiment. The TMOF is fixed by a fiber holder between two SMFs, and the SMFs were aligned with it by adjusting a five-dimensional adjusting frame. The SMF used in the experiment is made by Corning, which has a diameter of ∼125 µm and a core diameter of ∼9 µm. The length of SMF is ∼0.5 m. However, in order to reduce the influence of loss increase at the long work wavelength, the length of SMF is set to be as small as possible. The joints of SMF and TMOF are connected using the ultraviolet curing adhesive. In the experiment, light from a supercontinuum light source with a working wavelength of 400 ∼ 2400 nm is launched into the first SMF, and the output light from the other SMF entered a spectrometer to record the interference spectrum. The temperature is changed from 17 to 24 • C by a heating coil.
At 17 • C, the output interference spectra of the sensor with different working wavelength are recorded by the spectrometer, as shown in Fig. 6 . There are obvious peaks and troughs in the interference spectra, and temperature change can be measured by detecting their movements. It can be found that the troughs around 1590 nm and 1970 nm are the most obvious and have a very narrow half height and width, which facilitates the detection of spectral movement. In our sensor the troughs around 1590 nm and 1970 nm are chosen. The interference spectra of the sensor within different temperature were shown in Fig. 7 , and the interference spectra around the working wavelength of 1590nm and 1970nm are shown in Fig. 7(a) and (b), respectively. It could be seen that the spectra move towards long wavelength with the increase of temperature.
The comparative experiments were conducted by respectively substituting the glycerol-filled TMOF with an alcohol-filled TMOF and a none-filled TMOF. The variation range of the temperature is still from 17 to 24 • C. Similarly, two sets of interference spectra of the alcohol-filled sensor are measured at the working wavelength 1580 ∼ 1610 nm and 1950 ∼ 1965 nm, as shown in Fig. 8 (a) and (b). Again, the spectra move to the long wavelength with the increase of temperature. The interference spectra of the sensor based on the none-filled TMOF at the working wavelength 1580 ∼ 1600 nm and 1970 ∼ 2000 nm are respectively shown in Fig. 8(c) and (d) . It can be found that the interference spectra move to the short wavelength with the temperature increasing. The reason is that TMOF has a negative TOC, which is different from the traditional silica fiber. In the glycerol-filled and alcohol-filled sensor, the influence of glycerol and alcohol at the increase of temperature is so significant that it lead to the interference spectrum moving to the long wavelength.
Tracing the shift of the trough, the dependencies of the trough wavelength on temperature at different working wavelength can be obtained, and the corresponding temperature sensitivities can be calculated. The sensitivity of the sensor is obtained by fitting the wavelength shift with temperature.
The fitting lines of the wavelength shift with temperature are shown in Fig. 9 , and the Fig. 9 (a) shows the fitting lines of the sensors with work wavelength 1580 ∼ 1600nm and the Fig. 9(b) shows the fitting lines of the sensors with the work wavelength 1970 ∼ 2000 nm. It can be found that the sensors have the extraordinary linearity and the spectrum shift trend of no-filled sensor is different from the other two sensors. Based on the above results, the temperature sensitivity of the glycerol-filled, none-filled and alcohol-filled sensor at the working wavelength range of 1580 ∼ 1610 nm is listed in Fig. 10 , which is 0.222 nm/ • C, −0.198 nm/ • C and 0.168 nm/ • C, respectively. The linear correlations of these three sensors are fitted as 0.963, 0.959 and 0.983, indicating that our designed sensor has high linearity and could be used in practical application. Correspondingly, the sensitivities of these three sensors at the working wavelength range of 1970∼2000 nm were calculated to be 0.273 nm/ • C, −0.131 nm/ • C and 0.196 nm/ • C with linear correlations of 0.959, 0.951 and 0.947. The results show that the sensor sensitivity increases at longer working wavelength 1970 ∼ 2000 nm. Besides, the simulation sensitivity of glycerol-filled TMOF, alcohol-filled TMOF and alcohol-filled silica sensor at the working wavelength range of 1580 ∼ 1610 nm is also listed in Fig. 10 which is 0.119 nm/ • C, 0.074 nm/ • C and 0.01 nm/ • C, respectively. Correspondingly, the sensitivities of these three sensors at the working wavelength range of 1970∼2000 nm were calculated to be 0.172 nm/ • C, −0.091 nm/ • C and 0.015 nm/ • C.
It can be seen that the sensitivity of the glycerol-filled sensor is even lower than that of the alcohol-filled sensor and no-filled sensor, let alone the glycerol-filled TMOF-based sensor. And the sensitivity of the sensor with long work wavelength is higher than that of the sensor with short work wavelength. Theoretically, the sensitivity of sensor with TMOF is higher than that of the sensor with silica optical fiber. The law of experimental results are basically consistent with that of simulation results. But there is a little disparity between the experiment results and the simulation results, because the thermal expansion of TMOF is not considered in the theoretical analysis, and the connection points between TMOF and SMF are regarded to be perfect. Although the temperature measured in the experiment is low, this proposed sensor can be used for much higher temperature detection as long as it is below the softening temperature of TMOF and supercritical temperature of glycerol.
In order to better illustrate the sensor performance, we have carried out an experiment on the glycerol-filled sensor with decreasing temperature. The Interference spectra of glycerol-filled sensor with decreasing temperature were shown in Fig. 11(a) , which shows the interference spectrum moves to the short wavelength with decreasing temperature. And the fitting lines of the wavelength shift with temperature when the temperature is up and down were shown in Fig. 11(b) . It can be found that the fitting line is basically coincident, which indicates that the sensor can realize the measurement of temperature whether the temperature is raised or lowered.
To further investigate the repeatability and the stability of the temperature sensor, the temperature cycle experiments were also conducted. Figure 12 (a) shows the response curve of the temperature sensor when the temperature was changed directly from 17 • C to 24 • C. During the process of each testing cycle, the variation of the trough wavelength around 1590 nm was recorded once a second. From Fig. 12 (a) , it can be seen that the temperature sensor possesses a good repeatability even though it experiences such a sudden tem- perature change, which also indicates the robustness of the designed temperature sensor. The response times for the three temperature-rise processes are 11, 10, 12 seconds separately and that for the three cooling processes are 10, 12, 13 seconds. The stability of the temperature sensor is an important issue to consider for the practical application. In our case, the blank response was obtained when the sensor was placed at room temperature for 1 h and the spectrum was recorded every two minutes. Theoretically, if the temperature is constant, the wavelength will not move. However, in our experiment the wavelength fluctuated when the sensor was placed in the environment of 25 • C for a period of time. By subtracting the average wavelength from the real-time wavelength we presented this wavelength changes in Fig. 12 (b) , which was probably caused by the instability of the light source or detector. Based on these data, the average wavelength shift can be calculated to be 20 pm. Considering the resolution of the OSA and the temperature variation during the heat exchange process, the fluctuation of the trough wavelength was within the measuring error, which indicated that the temperature sensor also possessed a good stability when it was used for the continuous monitoring of a certain temperature. Table 1 is the performance comparison between this proposed temperature sensor and those previously reported ones. It can be seen that the temperature sensitivity measured in our work is higher than the results presented in [1] , [10] , [14] , [33] , [34] , but lower than others. However, the mechanical strength of the sensor [18] is greatly reduced due to its coreless side-polished fiber, and the sensor presented in [27] detects temperature by monitoring the light intensity change, which could be easily disturbed by the light source or the external environment. For others with higher sensitivity, they are either sensors filled with expensive materials such as nematic liquid crystal, indium and bismuth, or sensors fabricated based on the high birefringence PCF which is difficult to make. From this comparison, we can claim that our designed sensor has high sensitivity, high mechanical strength, simple structure and good stability. And the sensor is expected to be used in the near-and mid-infrared wavelength, not only for temperature detection but also has the potential for other fields.
IV. CONCLUSION
In conclusion, a highly sensitive temperature sensor based on glycerol-filled TMOF and traditional SMFs to achieve SMS structure is proposed and demonstrated. The max sensitivity of the designed sensor reaches 273 pm/ • C, which is much higher than that of silica fiber based on SMS structure. Being simple and compact, this sensor has great potential in the fields of biological and chemical sensing in the near-and midinfrared wavelength ranges. Furthermore, it can be encapsulated in practical application, by means of which the sensor quality can be further improved and become more applicable in the actual temperature measurement environment. TONGLEI CHENG received the Ph.D. degree in optical engineering from Tianjin University, Tianjin, China, in 2010. Since 2011, he has been a JSPS Postdoctoral Fellow with the Toyota Technological Institute, Nagoya, Japan. In 2016, he joined the Toyota Technological Institute as a Commissioned Scientist. And in 2017, he joined Northeastern University, Shenyang, China, as a Full Professor. His current research interests include optical fiber sensors, nonlinear optics, optical fibers, and soft glasses.
